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Abstract 
Designing a permanent magnet electrical variable transmission is a cumbersome task, regardless of 
the considered application. The main reason for this is the iterative design process using a 
computationally intensive finite element model calculations that is necessary to model its behaviour. 
This makes it difficult to study or visualize the impact of design changes on, for example, the fuel 
consumption or cost of a hybrid electrical vehicle. To solve this, electromagnetic scaling laws are used 
to set up a performance map of the entire system. This map is able to present the performance (i.e. fuel 
consumption, cost, maximum acceleration, etc.) as a function of an axial and radial scaling factor. The 
map thus displays the performance of a series of designs which enable the reader to select the optimal 
one in a graphical way. Furthermore, feasibility constraints such as maximum weight, are added. These 
constraints allow to reject designs but make it also possible to study the performance as a function of 
weight or material cost. This is particularly useful for manufacturers as it gives an idea of how their 
investment is translated into a reduction in fuel consumption. 
1. Introduction 
Vehicle manufacturers encounter an ever-growing pressure to reduce fuel consumption and emissions, 
because of increasingly stringent regulations. As a result, they are forced to innovate to find new 
solutions which can assist in reaching the climate goals. One of these solutions is the Hybrid Electrical 
Vehicle (HEV). The most important advantage of HEVs compared to classical vehicles is the higher 
efficiency which is due to the power split capabilities of the drivetrain. Important side-effects are friction 
and thus wear in the planetary gears that enable the power split but also the valuable space which is 
taken by the added electrical machines. 
 
A solution that eliminates the planetary gearbox and the additional electrical machines is called the 
Electrical Variable Transmission (EVT) [1], [2]. The device consists of two rotors and one stator. In case 
of a HEV, the Internal Combustion Engine (ICE) is connected to the inner rotor and the wheels to the 
outer rotor. Both shafts are electrically coupled via inverters and the DC-bus, which can include a 
storage device. In an EVT, power can thus be transferred from the inner rotor to the outer rotor by 
means of an electric and/or electromagnetic path. Because the power is converted via two separate 
paths, the EVT can be considered as a power split device. Moreover, the EVT can also be used as an 
electromagnetic torque converter [3]. 
 
The behaviour of the EVT is typically studied based on time-consuming Finite Element (FE) 
calculations. Evaluating the effect of design changes of the EVT on the performance of a considered 
HEV is, therefore, a tedious task. However, due to developed scaling laws for the flux, torque and 
losses, an existing design of the EVT can be scaled in axial and radial directions which significantly 
reduces the computational effort to analyse a design [4]. In this present paper, the aforementioned 
method is used to analyse how the design of the EVT influences the energy efficiency of the complete 
drivetrain given a driving cycle and vehicle parameters.  
 
The paper is structured as follows. In section 2, the topology, operating principle and control of the EVT 
is discussed. The scaling laws are introduced in section 3, while in section 4 the drivetrain and control 
of the considered HEV are elaborated. In section 5 the results are discussed. Finally in section 6 the 
conclusions of the research are formulated. 
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2. Permanent magnet Electrical Variable Transmission 
In this section, the topology of the considered EVT and the operating principle is explained as well as 
the control of the component. 
a) Topology 
A cross section of the considered EVT is shown in Fig. 1. The inner rotor and stator each consist of a 
distributed three-phase winding. The outer rotor is equipped with a single layer of rare-earth permanent 
magnets and a DC-field winding which are separated by a flux bridge. When the absolute value of the 
DC-field current increases, the magnetic state of the flux bridge located underneath the DC-field winding 
changes. The purpose of this DC-field winding is thus to modify the path of the permanent magnet flux 
which changes the stator flux linkage. The inner rotor field is almost not affected by the DC-field current 
since the magnets have a low recoil permeability of about 1.05 [5]. Using the DC-field current, it is thus 
possible to change the stator flux linkage, while maintaining the rotor flux linkage which is particularly 
useful in HEV applications [1], [5]. 
 
The shafts of the inner and outer rotor form the 2 mechanical ports while the windings of both the inner 
rotor and stator form the 2 electrical ports. To provide power to the inner rotor, slip rings are used. Some 
machine parameters are given in Table 1 for clarity. 
 
 
Table 1: Machine parameters of the considered EVT. 
 Stator Outer rotor Inner rotor 
Rated mechanical power [kW] - 120 75 
Maximal speed [rpm] - 4000 5000 
Number of slots [-] 48 - 48 
Number of pole pairs [-] 4 4 4 
Outer radius [mm] 175 123.5 102 
Inner radius [mm] 124.5 103 57 
PM thickness [mm] - 5 - 
Active axial length [mm] 87 87 87 
Width flux bridge [mm] - 5 - 
 
 
 
Figure 1: Cross section of the considered PM EVT with a hybrid excitation. 
 
b) Operating principle 
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One of the main advantages of the EVT is that there is no mechanical connection between the inner 
rotor and the outer rotor. Moreover, in a HEV, the EVT decouples the ICE (connected to the inner rotor) 
and the wheels (connected to the outer rotor) in terms of speed and torque (see Fig. 4). This makes it 
possible to operate the ICE independently from the wheels. Consequently, the ICE can be operated in 
its operating point of maximum efficiency at all times. Why the EVT is decoupled in terms of speed is 
rather trivial: there is no mechanical link between both shafts and as a consequence they can rotate at 
different speed. To explain why the EVT also decouples input and output in terms of torque, the EVT is 
first considered without stator. Suppose that the ICE is operating in the following operating point: 𝑇𝐼𝐶𝐸 
and 𝑁𝐼𝐶𝐸. Then the inner rotor should, in steady state, produce a torque equal to the opposite of the ICE 
torque in order to maintain the speed: 
 
𝑇𝑟1 = −𝑇𝐼𝐶𝐸 (1) 
 
In order to produce this torque, currents need to be sent through the windings of the inner rotor: 
 
𝑇𝑟1 =
3
2
𝑁𝑝(𝜓𝑟1𝑞𝐼𝑟1𝑑 − 𝜓𝑟1𝑑𝐼𝑟1𝑞) (2) 
 
in which flux 𝜓 and current 𝐼 are related to the d-q reference frame (related to the outer rotor) and 𝑁𝑝 is 
the number of pole pairs. Due to action-reaction, the electromagnetic torque on the outer rotor will 
produce the opposite torque. Therefore, the following is true: 
 
𝑇𝑟2 = 𝑇𝐼𝐶𝐸 (3) 
 
The torque at the wheels is thus the same as the torque generated by the ICE. Note that the following 
is of course only true in lossless conditions. To be able to modify the torque at the outer rotor, the stator 
is added. By sending currents through the stator windings, an electromagnetic torque is added to the 
outer rotor. Since the sum of the torque on all components needs to be 0, the torque on the outer rotor 
𝑇𝑟2 can be determined by: 
 
𝑇𝑟2 = −𝑇𝑠 − 𝑇𝑟1 = −𝑇𝑠 + 𝑇𝐼𝐶𝐸  (4) 
 
in which the stator torque 𝑇𝑠 is calculated as: 
 
𝑇𝑠 =
3
2
𝑁𝑝(𝜓𝑠𝑞𝐼𝑠𝑑 − 𝜓𝑠𝑑𝐼𝑠𝑞) (5) 
 
The fluxes (stator flux in the d-axis 𝜓𝑠𝑑, stator flux in the q-axis 𝜓𝑠𝑞, inner rotor flux in the d-axis 𝜓𝑟1𝑑 
and inner rotor flux in the q-axis 𝜓𝑟1𝑞) in (2) and (5) depend on 5 independent current setpoints: stator 
current in the d-axis 𝐼𝑠𝑑 , stator current in the q-axis 𝐼𝑠𝑞, current in the DC-field winding of the outer rotor 
𝐼𝑟2𝑑, inner rotor current in the d-axis 𝐼𝑟1𝑑 and inner rotor current in the q-axis 𝐼𝑟1𝑞. The relation between 
flux and current is determined based on FE calculations. The FE model, which forms the backbone of 
the EVT model, has been validated on a prototype [5]. 
 
c) Optimal control 
Based on (2) and (5) and knowing that the flux terms in these equations depend on 5 current setpoints, 
it is possible to deduce that an infinite number of current combinations will result in the same torque. 
This can also be seen in Fig. 2, which shows that a stator torque of, for example, 100 Nm can be 
obtained with various current combinations. Of course, only one of these combinations will result in the 
lowest losses.  
 4 
 
Figure 2: Stator torque as function of stator current in the q-axis for varying DC-field current. 
Blue: 𝑰𝒓𝟐𝒅 = −𝟏𝟎𝑨, red: 𝑰𝒓𝟐𝒅 = −𝟓𝑨 and orange: 𝑰𝒓𝟐𝒅 = −𝟎𝑨. All other currents are set to 0.  
The optimization routine which is written to find the optimal currents, given a specific operating point, 
can be summarized as follows [6]: 
 
Find: 
 
𝐼∗ = [𝐼𝑠𝑞
∗ , 𝐼𝑠𝑑
∗ , 𝑖𝑟2𝑑
∗ , 𝐼𝑟1𝑞
∗ , 𝐼𝑟1𝑑
∗ ] ∈ ℝ5 (6) 
 
with:  
 
𝐼∗ = arg min(𝑃𝑙𝑜𝑠𝑠(𝐼, 𝑁𝑟1, 𝑁𝑟2)) (7) 
 
subjected to: 
 
𝑇𝑠(𝐼
∗) = 𝑇𝑠,𝑠𝑒𝑡  & 𝑇𝑟1(𝐼
∗) = 𝑇𝑟1,𝑠𝑒𝑡 (8) 
 
The generated torque is calculated based on (2) and (5), 𝑃𝑙𝑜𝑠𝑠  is equal to the sum of iron and copper losses 
(mechanical losses are neglected in this optimization). As solving this routine takes some time, the optimization 
is carried out offline after which the results are stored in a Look-Up Table (LUT) which is consulted during 
operation. The LUT thus basically yields the optimal current setpoints given an operating point defined by a 
stator 𝑇𝑠  and inner rotor 𝑇𝑟1 torque setpoint and inner and outer rotor speed denoted by 𝑁𝑟1 and 𝑁𝑟2 
respectively. 
 
3. Scaling laws 
As mentioned in the introduction, analysis of the performance of the EVT depends on the numerous FE 
calculations which are necessary to define the model. Therefore, the computational burden of studying 
the impact of design changes is high. Scaling laws, however, can be used to obtain a new design in a 
matter of minutes compared to several days if FE calculations are used [4]. One way of reducing the 
computational effort is thus to use scaling laws.  
Scaling laws allow to scale an EVT of which all current to flux relations are known in axial and radial 
directions. During axial scaling, the axial core length is changed while preserving the lamination cross-
section. The axial scaling factor 𝐾𝐴 can therefore be calculated as: 
𝐾𝐴 =
𝑙𝑎
𝑙𝑎,0
 (9) 
 
in which 𝑙𝑎,0 is the axial length of the reference EVT and 𝑙𝑎 is the length of the scaled design. Radial 
scaling considers a proportional change of all dimensions of the cross-section. The radial scaling factor 
is thus equal to: 
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𝐾𝑅 =
𝐷
𝐷0
 (10) 
 
in which 𝐷0 is the diameter of the reference EVT and 𝐷 is the diameter of the scaled design. 
In the following sections, the scaling laws as derived and validated in [4] are mentioned for clarity. 
a) Scalable machine properties 
The most important properties for this analysis are current, flux, torque, copper and iron losses. 
However, scaling laws can be derived for all machine properties including inductance, voltage, etc. [7]. 
Based on the Poisson’s equation it is possible to derive that the current needs to scale as follows [4], 
[7]: 
𝐼 = 𝐾𝑅𝐼0 (11) 
 
with 𝐼0 the current which flows in the reference machine and 𝐼 the current in the scaled design. Note 
that both 𝐼0 and 𝐼 are arrays which contain 5 current setpoints (𝐼𝑠𝑞
∗ , 𝐼𝑠𝑑
∗ , 𝑖𝑟2𝑑
∗ , 𝐼𝑟1𝑞
∗ , 𝐼𝑟1𝑑
∗ ). If the relation in 
(11) is met than the flux 𝜓 and torque 𝑇 will scale as: 
𝜓 = 𝐾𝐴𝐾𝑅𝜓0(𝐼0) = 𝐾𝐴𝐾𝑅𝜓 (
𝐼
𝐾𝑅
) (12) 
𝑇 = 𝐾𝐴𝐾𝑅
2𝑇0(𝐼0) = 𝐾𝐴𝐾𝑅
2𝑇0 (
𝐼
𝐾𝑅
) (13) 
 
The copper losses are calculated based on the currents flowing through the scaled EVT: 
𝑃𝑐𝑢 =
3
2
𝑅𝑠(𝐼𝑠𝑑
2 + 𝐼𝑠𝑞
2 ) + 𝑅𝑟2𝑖𝑟2𝑑
2 +
3
2
𝑅𝑟1(𝐼𝑟1𝑑
2 + 𝐼𝑟1𝑞
2 ) (14) 
 
in which the resistance of the inner rotor, outer rotor and stator scale according to the following equation: 
𝑅 =
1
𝐾𝑅
2 (𝐾𝐴𝑅𝑐𝑜,0 + 𝐾𝑅𝑅𝑒𝑤,0) (15) 
 
in which 𝑅𝑐𝑜,0 is the resistance of the reference EVT in the core region, while the resistance of the end 
winding is denoted by 𝑅𝑒𝑤,0.  
Finally, the iron losses [W/kg] are determined assuming a sinusoidal air gap induction waveform, using 
Bertotti’s model [8]: 
𝑃𝑓𝑒 = 𝑎?̂?
𝛼𝑓 + 𝑏?̂?2𝑓2 + 𝑐?̂?𝑓 (√1 + 𝑑?̂?𝑓 − 1) (14) 
 
with a, b, c, d and 𝛼 magnetic core material parameters, ?̂? the amplitude of the magnetic flux density 
and 𝑓 the frequency. The constants have been determined based on measurements. 
b) Scalable control 
In the previous section, it is shown how the EVT is scaled. However, setting up the optimal control is 
also a cumbersome task. Defining scaling laws for the optimal control (selection of the optimal currents, 
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given the operating point), is thus also important. In [4], it is shown that this scalable control can be 
obtained by scaling the torque (𝑇𝑟1
𝑠  and 𝑇𝑠
𝑠, see Fig. 3) which is used as input for the LUT containing the 
optimal currents (𝐼𝑠𝑑
𝑠 , 𝐼𝑠𝑞
𝑠 , …). As these currents are obtained based on the LUT of the reference machine, 
these currents need to be scaled back to the scaled device. Therefore, the final step is to scale the 
currents with 𝐾𝑅 according to (11). 
 
Figure 3: Schematic of the scalable optimal control.  
 
 
4. EVT based HEV 
In this paper, the main application in which an EVT can be used is a HEV (see Fig. 4). The HEV that is 
considered, both the drivetrain and its optimal control, are presented in the following sections. 
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Figure 4: Schematic of the EVT based HEV drivetrain and simplified representation of the energy 
management strategy. More information concerning the energy management strategy 
(controllers 𝑪𝟏 and 𝑪𝟐) is given in section 3b. 
 
a) Vehicle 
Fig. 4 gives a schematic overview of the complete HEV drivetrain. In accordance with previously 
published literature [6], [9], the inner rotor of the EVT is connected to the ICE while the outer rotor is 
connected, via a gearbox, to the wheels of the vehicle. The purpose of this differential gearbox is to 
deliver torque to both wheels. The used ICE is a turbocharged gasoline engine (direct injection) running 
on a Miller cycle. The fuel map of the ICE will be used to calculate the fuel consumption for various 
design sizes of the EVT. The fuel consumption map of the ICE is presented in Fig. 5.  
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Figure 5: Fuel consumption [g/kWh] of a turbocharged gasoline engine (direct injection) 
running on a Miller cycle. 
The behaviour of the vehicle is studied based on a 1-DOF model: 
 
𝑣𝑐𝑎𝑟 = ∫
𝑇𝑤
𝑟𝑤
− 𝑚𝑓𝑔 −
1
2 𝑣𝑐𝑎𝑟
2 𝜌𝐴𝑓𝑐𝑑
𝑚
 
(9) 
 
in which 𝑣𝑐𝑎𝑟 is the speed of the vehicle, 𝑇𝑤 is the torque at the wheels, 𝑟𝑤 is the wheel radius, 𝑚 is the 
mass of the vehicle (including passengers), 𝑔 is the gravitational constant, 𝑓 is the rolling resistance 
coefficient, 𝜌 is the density of air, 𝐴𝑓 is the frontal cross sectional area and 𝑐𝑑 is the aerodynamic drag 
coefficient. The main parameters of this vehicle model can be found in Table 2.  
 
Table 2: Vehicle parameters. 
Mass 𝑚 [kg] 1400 
Aerodynamic drag coefficient 𝑐𝑑 [-] 0.28 
Frontal cross sectional area 𝐴𝑓 [m2] 1.5 
Rolling resistance coefficient 𝑓 [-] 0.009 
Wheel radius 𝑟𝑤 [m] 0.3 
Battery capacity 𝐶𝑏𝑎𝑡 [kWh] 1.8 
 
 
To transfer the torque of the outer rotor to the wheels, a differential gearbox is used. The speed ratio of 
this gearbox, 𝜏, describes the relation between the wheel speed 𝑁𝑤 and the speed of the outer rotor 
𝑁𝑟2 as follows: 
 
𝜏 =
𝑁𝑤
𝑁𝑟2
 (10) 
 
If 𝜏 is smaller than 1, the outer rotor will rotate faster than the wheels. The wheel torque 𝑇𝑤, as mentioned 
in (9) is related to the outer rotor torque 𝑇𝑟2 of the EVT by the following equation: 
 
𝑇𝑤 =
𝑇𝑟2𝜂
𝜏
 (11) 
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in which 𝜂 is the efficiency of the gearbox. Note that during braking, the efficiency term goes to the 
denumerator as power flows from the wheels to the inner rotor. Both the wheel speed and the wheel 
torque are imposed by the driving cycle. The wheel speed is directly related to the vehicle speed and 
the wheel torque is related to the acceleration and speed of the vehicle (due to the speed dependency 
of for example the aerodynamic drag) but also the road gradient (ignored in (9)). The selected driving 
cycle for this analysis is the WLTC (see Fig. 6).  
 
 
Figure 6: Imposed vehicle speed [km/h] as function of time for the WLTC. 
Finally, the battery is considered as an ideal storage device (no losses) as the main goal of this paper 
is to show how the scaling laws can be applied. The State of Charge (SoC) of the battery is calculated 
as: 
𝑆𝑜𝐶 = 𝑆𝑜𝐶0 −
∫ 𝑃𝑏𝑎𝑡
3600 𝐶𝑏𝑎𝑡
 (12) 
 
with 𝑆𝑜𝐶0 the state of charge at the beginning of the cycle and 𝑃𝑏𝑎𝑡 the battery power. The battery power 
is calculated as the sum of the electrical power of the stator 𝑃𝑒,𝑠 and inner rotor 𝑃𝑒,𝑟1 (including losses): 
𝑃𝑏𝑎𝑡 = 𝑃𝑒,𝑠 + 𝑃𝑒,𝑟1 (13) 
 
 
b) Control 
The objective of this paper is to find the optimal size of the EVT in an EVT based HEV. The fuel 
consumption of the vehicle is chosen to quantify how optimal a considered drivetrain is. The chosen 
operating points of the ICE (𝐶1 see Fig. 4), however, have a significant impact on the fuel consumption. 
To exclude the impact of controller 𝐶1, Dynamic Programming (DP) is applied in order to find the optimal 
control regardless of the drivetrain configuration. 
DP has been used successfully to optimize the fuel consumption of a HEV taking into account several 
constraints such as the battery SoC [10]–[12]. Hence, the SoC at the beginning and end of the driving 
cycle should be the same. In this paper, the open source toolbox provided by Sundström and Guzella 
had been used as framework for the DP structure [13]. 
Besides controller 1 of which the output is defined based on DP, a second controller (𝐶2 see Fig. 4), is 
used to adapt the outer rotor torque in such a way that the imposed speed, defined based on the driving 
cycle, is achieved with a maximum error of 1km/h [14]. 
 
5. Results 
The objective is to optimize the drivetrain as depicted in Fig. 4. This comes down to optimizing the size 
of the EVT and the end gearbox. For the EVT, a range of possible designs defined by an axial and 
radial scaling factor varying from 0.8 to 1.2 are defined. For each design, the gear ratio is searched for 
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that minimizes the fuel consumption. The fuel consumption itself is optimized based on DP. The DP 
algorithm is thus solved for every considered design. 
The results (fuel consumption) are stored in a performance map which shows how the fuel consumption 
varies with the scaling factor, see Fig. 7. However, this performance could also be quantified by, for 
example, the maximum acceleration.  
The performance map shows that, the bigger the EVT is chosen, the lower the fuel consumption 
becomes. This is not a surprise as bigger electrical machines tend to have lower losses due to the lower 
currents which are necessary to generate the same torque compared to a smaller machine. However, 
bigger machines come with a higher material cost. Furthermore, space is limited under the vehicle 
frame which limits the size of the EVT. Besides the fuel consumption, Fig. 7 also shows the chosen 
gear ratio for the end gearbox. The figure shows that the variation in optimal gear is rather small: it 
varies between 0.2 and 0.3. 
 
Figure 7: Performance map showing the fuel consumption of the HEV during the WLTC for 
varying axial and radial scaling factor. The drivetrains that use an EVT, defined by a 𝑲𝑨 and 𝑲𝑹, 
situated below the lowest red line use an end gearbox with a speed ratio 𝝉 equal to 0.2. Between 
the 2 red lines, 𝝉 equals 0.25 and above the highest red line 𝝉 equals 0.3. 
To make the results in Fig. 7 a bit more tangible, the scaling factors are translated to actual dimensions 
(see Fig. 8). Note that the scaling factors are related to the active part of the EVT, while the total length 
and diameter cover also the housing. In the radial direction, the difference between the active part and 
housing, that includes a water jacket cooling, is rather small. However, in the axial direction, the active 
part is combined with a set of AC slip rings for the inner rotor and a set of DC slip rings for the DC-field 
winding of the outer rotor. This creates a rather significant difference between the active part and the 
total length of the EVT. Consequently, the variation of the axial scaling factor between 0.8 and 1.2 
results only in a variation in total length of about 35mm. 
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Figure 8: Performance map showing the fuel consumption of the HEV during the WLTC for 
varying length and diameter of the housing. The red lines resemble designs with a constant 
mass. 
Fig. 8 also shows lines of constant weight which make it possible to approximate the minimal weight 
(i.e. size) of the EVT for the used load cycle. As already stated, bigger and thus heavier machines result 
in lower losses. To quantify this, Fig. 8 can be used to calculate the fuel consumption for a given 
maximum weight. This comes down to finding the optimal design for a given mass. The results are 
presented in Fig. 9. This figure is particularly useful for manufacturers because it gives an idea of how 
the sizing influences the fuel consumption. It shows that increasing the weight beyond 50kg results only 
in marginal gains in terms of overall fuel consumption. Although it is perfectly feasible to reduce the 
weight to 40kg, Fig. 9 clearly demonstrates that minimizing the EVT even further has a highly negative 
impact on the fuel consumption. 
Fig. 10 shows the same information as in Fig. 9 but now as function of material cost. This figure, 
immediately shows, how high the gain is of resizing the EVT. If the design cost is for example estimated 
at 400 euro, than an increase in material cost of 100 euros will result in a decrease in fuel consumption 
of about 0.07l/100km. However, a further increase of the budget with 100 euro will only decrease the 
fuel consumption by 0.03l/100km. Again, if the manufacturer wants a product with a material cost below 
400 euro, that is perfectly possible but at the cost of a higher fuel consumption per 100km. The vehicle 
manufactures can use this information to draw a conclusion about the sizing of EVT considering the 
trade-off between the initial cost and the running cost over the vehicle lifetime.  
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Figure 9: Fuel consumption in l/100km for the WLTC as function of the weight of the considered 
EVT design. 
 
Figure 10: Fuel consumption in l/100km for the WLTC as function of the material cost of the 
considered EVT design. 
6. Conclusion 
In this paper, a method is described to aid in the design of an electrical variable transmission based on 
scaling laws. The principle of a performance map is used to analyze how well the considered design, 
defined by an axial and radial scaling factor, performs given a load cycle. The parameter used in this 
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paper to define the performance is the fuel consumption. The feasibility of the design in terms of 
dimensions can be deduced easily based on the performance map by translating scaling factors to 
actual dimensions. Furthermore, constraints such as maximum weight can be added as well. Finally it 
is demonstrated that performance in terms of fuel consumption can be calculated in terms of material 
cost. This is particularly useful for manufacturers as it gives an idea of how their investment is translated 
in fuel consumption and consequently to meet the global emission requirements. 
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